Directed and Elliptic Flow in $^{112}$Sn + $^{112}$Sn Collisions below 100 MeV/nucleon by Zhang, H Y et al.











































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































FIG. 1: Excitation function of the directed ow with the soft or


















It corresponds to the second Fourier coeÆcient in the
transverse momentum distribution [17] and describes the
eccentricity of an ellipse-like distribution. In the inter-
mediate energy domain, V
2
> 0 indicates of the in-plane
enhancement of particle emission, i.e., a rotation-like be-
havior, while V
2
< 0 characterizes the squeeze-out eect
perpendicular to the reaction plane, and V
2
= 0 means
an isotropic distribution in the transverse plane. Usu-
ally, V
2
is extracted from the mid-rapidity region. The
directed ow relates with the slope of in-plane transverse
momentum on the mid-rapidity in the C.M. system, its
ow parameter F at mid-rapidity is dened by
F = d < P
x
=A > =dy (2)
The potential of the IQMD model used in the present
study includes an asymmetry term in the nuclear mean-


















































FIG. 2: The impact parameter dependence of the directed and
elliptic ow with the soft or sti EOS for 50 MeV/nucleon Sn +
Sn.
In the above, 
0





are nucleon, neutron, and proton densities, re-
spectively; and 
z
equals 1 for proton and 
z
= -1 for
neutron and c is chosen to be 32 MeV. The parameter a
and b was chosen to have a sti equation of state with a
compressibility of K = 380 MeV and a soft equation of
state with a compressibility of K = 220 MeV as done in




Sn are calculated at dierent incident energies. For
each impact parameter, a calculation of 200 events is per-
formed. In the present calculations, it is found that the
directed and elliptic ow have been saturated by the end
of 120 fm/c, therefore the results actually correspond to
the statistical average value of 1000 "events" which come
from the sum of ve time intervals from 120 to 200 fm/c
in each event.





sions at dierent incident energies. Up-triangle symbols
correspond to soft potential and down-triangle symbols
to sti potential. From Fig. 1, with increasing incident
energy, the directed ow increases. The balance energy,
i.e., the energy of disappearance of directed ow, for soft
potential is larger than that of sti potential. From Fig.
1 (a), when the impact parameter is 3.04.5fm, the bal-
ance energy with soft potential is near 85MeV and that
with sti potential is near 70MeV. From Fig. 1 (b), when
the impact parameter is 01.5fm, the balance energy
with soft potential is near 70 MeV and that with sti













FIG. 3: Excitation function of the elliptic ow with the soft or
sti EOS for Sn + Sn at b = 3  4:5 fm.
potential is near 60 MeV. Therefore, the balance energy
depends strongly on the nuclear equation of state as well
as the impact parameter. In this context, we can try to
extract the information on the nuclear equation of state
from the excitation function of the directed ow.
Fig. 2 shows the impact parameter dependence of the
directed ow (a) and the elliptic ow (b). The four im-
pact parameter regions 01.5fm, 1.53.0fm, 3.04.5fm
and 4.56.0fm and incident energy 50MeV/nucleon are
adopted in the calculation. The directed ows are all
negative while the elliptic ows are all positive at dier-
ent impact parameter. The directed and elliptic ows
depend strongly on impact parameter. With the im-
pact parameter increases, the directed ow increases in
negative direction and reaches the maximum in semi-
peripheral collision and decreases in negative direction
in large impact parameter. While, the elliptic ow al-
ways increases in positive direction. These are consis-
tent to the experimental observation and other theoreti-
cal works [18, 19, 20, 21, 22, 23]. The directed ow with
soft potential and sti potential have obvious dierence
at dierent impact parameter, except for the peripheral
collision. However, the elliptic ow with soft potential
and sti potential have almost the same values at all im-
pact parameters. It also means that the directed ow is
a good probe to pin down EOS than the elliptic ow in
the studied system and energy range .
When the impact parameter is smaller, the elliptic ow
is smaller, seen from Fig. 2(b), so a large impact param-
eter of 3.04.5fm is adopted in the Fig. 3 to present the
excitation function of elliptic ow. Fig. 3 shows the exci-


































FIG. 4: Cluster mass dependence of the directed and elliptic ow
in dierent impact parameter.
All the values of the elliptic ow are positive and de-
crease with the incident energy, indicating the rotational
behavior becomes weak with increasing the incident en-
ergy, but the squeeze-out never reveal below 90MeV/u
even though the directed ow shows the change from the
negative to positive. When the incident energy is smaller,
the elliptic ow has large dierence between the case of
soft potential and the case of sti potential due to the
fact that nucleon-nucleon scattering eects at low ener-
gies are not strong enough and the nuclear mean-eld
potential is dominated. But, there will be only a little
dierence of the elliptic ow between the soft potential
and the sti potential with the incident energy increases.
Overall speaking, the elliptic ow is not very sensible to
the nuclear equation of state in the studied reaction sys-
tem.
As said above, one of advantages of QMD is its frag-
ment formation, we show the directed and elliptic ow
for some cluster combinations in FIG. 4. The soft poten-
tial and the incident energy 50MeV/u are adopted in the
FIG. 4. In order to accumulate enough statistics, we de-
ne three bins of dierent fragments region according to
the charge, the solid circles are the ow of neutrons and
protons, the up-triangles are the ow of fragments with
Z=24 and the down-triangles are the ow of fragments
with Z5. It is obvious to see that the absolute values of
the directed ow and the elliptic ow enhance with the
charge (or mass) increases, i.e. the heavier fragment ow
is stronger than the lighter one.
4In summary, the IQMD model has been used to study




Sn at dierent impact parameters and dierent frag-
ment charges from 35 to 90 MeV/nucleon. It is found
that a transition in directed ow from the negative to
positive ow is revealed as the incident energy increases.
A strong dependence on the nuclear EOS is seen in the
directed ow at dierent incident energies and at dier-
ent impact parameters. The elliptic ow decreases with
increasing the incident energy and increases with increas-
ing the impact parameter. Meanwhile, the elliptic ow
and the directed ow is observed to be stronger as the
fragment charge (mass) increases. In comparison with
the directed ow, the elliptic ow is not sensitive to the
EOS. By this study, we found that there exists dier-
ent sensitivity to EOS for dierent kind of ow. Hence,
it will be helpful to choose more sensitive ow probe to
EOS before the comparison with the data is made.
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